Doppler broadening and positron lifetime spectra have been measured for polypropylene films of constant thickness (= 50 pm) and different morphology that crystallized from melt at temperature 0, 100, and 120°C. The S-parameter vs. energy curves do not change in a systematic way with crystallinity of samples. It is supposed that decrease in the fractional free volume for samples of greater crystallinity is not seen in S-values because of their increase resulting from annihilation in defects present both in the crystalline regions and on the lamellae surfaces. Intensities of the components in the positron lifetime spectra:I 2 (τ2 = 1.3 ns) and I3 (τ3 = 2.3 ÷ 2.8 ns) show changes with crystallinity of samples. The evident trend is observed for the longer-lived τ3-component intensity to decrease with crystallinity while the reverse is true for the shorter, fixed τ2-component. The decrease in the intensity of the longer-lived component can result from reduction of the fractional free volume.
Introduction
Polypropylene, a member of the first class of vinyl polymers, is semicrystalline [1] . When the isotactic form is coaled from the molten state, "the spherulitic crystallization" takes place giving rise to spherulites visible under a polarizing microscope. They are aggregates of plate-like crystallites (lamellae) with folded chains pervaded with amorphous material (interlamellar amorphous phase) [2] . The amorphous phase is present also between spherulites (interspherulitic amorphous phase). When controlling the kinetics of the crystallization one can produce samples not only of different crystallinity but also of different morphology (i.e. of different mean size of spherulites, perfection and amount of interspherulitic and interlamellar amorphous phase fractions). The degree of crystallinity determines chemical, thermo-mechanical, and electrical properties of the polymer. Its density increases with crystallinity [3] . In Refs. [4, 5] the thermooxidative degradation of isotactic polypropylene thin films of different degree of crystallinity and varying morphology was studied in air. It was found that both the rates of degradation and the following structural changes depend not only on the initial crystallinity (496) but also on morphology of the samples under study. A model was given [5] in which the thermooxidation was considered as a complex reaction occurring in the interspherulitic amorphous regions (more easily accessible to the oxygen) as well as in the interlamellar amorphous regions (the slower oxidation rate, controlled by diffusion of oxygen into the spherulite). The fractional free volume, f, in the samples was assumed to change with crystallinity X, according to the formula where to denotes the fractional free volume in the amorphous polypropylene.
In the case of bulk semicrystalline polymers two long-lived components often occur in positron annihilation lifetime spectra; one with the lifetime close to 1 ns and the longest-lived one with the lifetime of a few nanoseconds (cf. [6 ÷ 18] and references therein). It is generally accepted that the longest lifetime corresponds to the average pick-off lifetime of o-Ps in cavities in an amorphous phase while the origin and physical meaning of the shorter one is still under debate [13] . Studies of bulk polypropylene performed at room temperature [16] show two distinct long lifetimes of about 1.3 and 2.7 ns, each with roughly 10% intensity.
In Refs. [17, 18] both the intermediate and the longest-lived component were assumed to originate from o-positronium annihilation by pick-off in ordered and . amorphous phases, respectively, and positron annihilation lifetime spectra were well fitted using a simple model involving positronium diffusion and trapping from the crystalline to amorphous regions in lamellar polyethylene samples. In Ref. [19] results of positron annihilation lifetime measurements for semicrystalline (lamellar) samples (with spherulites) of poly(aryl-ether-ether ketone) were given but only one long-lived component was revealed with the lifetime of 1.8 ns and intensity decreasing with rise of crystallinity of the studied samples.
The aim of this paper was to check if varying crystallinity and morphology of thin films of isotactic polypropylene influences positron annihilation characteristics determined with use of monoenergetic positron beams. Such beams have already been used to study polymer foils [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] .
Samples

Crystallization from melt
Three foils of isotactic polypropylene (PP Novolen 1100 H), that were melted during 5 min at 185°C between two metal plates under pressure of 3 x 10 8 N/m2 , crystallized under isothermal conditions in 5 min at temperature 0, 100, and 120°C. Three different baths were used: melting ice, distilled water, and silicon oil, respectively. The samples will be denoted further in the text as PPO, PP100, and PP120.
Crystallinity of samples
Crystallinity of samples was studied with the use of wide angle X-ray scattering (WAXS). The WAXS measurements were carried out with a HZG diffractometer using Cu Kα, filtered radiation (wavelength = 0.154 nm) in the diffraction angle range 20 = 5 _40°. The method developed by Hindeleh and Johnson [34] was used to extract contributions of two components (due to scattering from crystalline and amorphous regions; i.e. peaks and the so-called "amorphous halo").
The fractional crystallinity, giving in that case information on the mass contribution of the crystalline phase, Xm was calculated as the ratio of the area under the resolved peaks to the total area under the experimental diffraction pattern. One crystal structure only was identified in the samples PPO and PP100 (α form; monoclinic), while in the case of PP120 the β form (hexagonal) was recognized, too. The data from the WAXS measurements are given in Table I .
TABLE I
Results of WAXS measurements.
IR absorption measurements
Infrared spectra were obtainud with a Nicolet "Magna 860" Fourier transform spectrometer using both the transmission and attenuation of total reflection (ATR) technique. The equipment was set to operate in the range 400-5000 cm -1 with a resolution of 4 cm -1 , obtaining a spectrum that represented the average of 100 scans. The depth of penetration of the samples by the reflected IR radiation (in case of the ATR technique) was between 8 and 13 µm. Changes were observed between 1250 and 800 cm -1 that suggest the formation of the epi-oxide structures while the broad band in the region of 1100÷1000 cm-1 , the ether-like structures. The highest increase in the region occurred for the sample PP120. Most probably the oxygen bridges crosslinking the polimer are revealed there. In addition, an increase near 1650 cm -1 was observed reflecting the formation of small number of double bonds (between carbon atoms). The results prove the possibility of oxidation of the subsurface regions of samples especially effective in the case of the sample PP120.
Spherulites by polarizing microscope
The samples were observed in halogenic, polarized, transmitted and reflected light by using an optical polarizing microscope OPTIPHOT 2-POL from Nikon Corporation. A monochromatic blue filter and planapochromatic objectives DIC with the highest degree of correlation of all aberrations were used.
Because of optical side-effects, the samples of polymers were studied without any cover glass and kollolith. The studies were realized with 50, 200, 400, and 1000 magnification. Microscopic pictures were recorded in PC-computer. Size analysis of spherulites was performed using the computer program "Lucia-M" from Laboratory Imaging Ltd. (Czech Republic). In the sample PP120 the largest spherulites exist. The observations allowed to estimate the average value of the longest diagonal of the spherulites as equal to 6, 12, and 50 µm in PPO, PP100, and PP120.
The basic substructure of crystallites is in form of lamellae of folded chains. Their characterization was done by the small angle X-ray scattering (SAXS) technique.
Morphology of samples studies by SAXS technique
The SAXS investigations were performed within the range 0 ÷ 5° b y m e a n s of a MBraun (Austria) SWAX camera which utilizes the conventional Kratky collimation system. Cu K, radiation was used; monochromatization was performed by a Ni ,Q filter and a pulse-height discrimination. The experimental SAXS curves were corrected for sample absorption and desmeared from collimation distortion by means of the computer program 3D VIEW supplied by MBraun. Analysis of the SAXS curves was based on the standard theory for pseudo-two-phase lamellar systems [35] . It has been assumed that the samples under investigation contain alternating crystalline and amorphous regions placed in stacks. Both phases are connected by a transition layer in which the electron density varies linearly from p, (the density of the crystalline phase) to pa (the density of the amorphous phase). The one-dimensional correlation function (the Fourier transform of the SAXS curve) gave information on the long period L, the number average value of the thickness of the crystalline layers lc and the thickness E of the transition layer between the crystalline and amorphous regions. The values of L, lc , and E are given in Table II together with the volume contribution of the crystalline regions, Xv determined from the SAXS measurements. Further details of the analysis of the SAXS data will be given elsewhere [36] . Large differences are seen between the values of X,, and X,, but they do not exceed the maximum value of the difference allowable by the Sheldon equation [37] .
Measurements of Doppler broadening of annihilation line
and positron lifetime spectra
Doppler broadening
The variable-energy Doppler broadening measurements were performed for all specimens at room temperature using a computer-controlled magnetic-transport beam system at UEA Norwich [38] . (A comprehensive review of positron beam techniques and their application is presented in [39] .) Incident positron energies E varied between 0.1 and 29 keV. Energy spectra of annihilation gamma rays were measured with a Ge detector having an energy resolution (FWHM) of about 1.2 keV at 511 keV.
The polypropylene samples were held on a stainless steel holder. A current was passed through a nearby tungsten filament during experimental runs, in order to bathe the sample surface with electrons to counteract charging effects seen in earlier measurements on insulating films [27] . Approximately 10 6 counts were accumulated in a photopeak at each incident positron energy E in time of 500 s.
The Doppler broadening of the annihilation line (caused by the momentum of the annihilating electron-positron pair) is characterized by the line-shape parameter S. The value of S is defined as the integral of gamma ray intensity in the central energy region divided by the total intensity of the line. A rise in S implies a narrowing of the line. Such narrowing occurs when for instance vacancies [40] , large open volume defects (voids) [41, 42] or pores are present in a sample [43] .
Positron lifetime spectra
Positron lifetime spectra were acquired using a variable energy, UHV positron beam as described in [22] . The beam is directed at a channel plate detector that is tilted at 45 degrees with respect to the beam where a retarding electric field deflects the positrons into the sample. Secondary electrons from the sample are detected in the channel plate as a "start" signal. The gamma "stop" detector and associated electronics are similar to conventional fast timing systems. The time resolution of this system has been improved to 0.35 ns. Two beam implantation energies of 2.2 keV and 4 keV were used with the three polypropylene films. The thickness of the films caused some beam-related charge-up problems to degrade the time resolution somewhat, but this problem was minimized by heating a nearby filament once every two hours during a typical 6 hour run. The total number of events recorded in each spectrum is 3-4 millions. The 2.2 keV spectra were acquired using a TAC-ADC timing system with 38 ps/channel. As a systematic check, the 4 keV data were acquired using a digital timer with 16000 channels of 156 ps width.
Results of positron annihilation measurements. Discussion
The S parameter vs. incident positron energy is shown for all studied samples in Fig. 1 . The variation of the temperature of crystallization of films does not result in systematic changes of S-values characteristic of them. One could expect from (1) greater values of S for a sample that crystallized at lower temperature and having lower degree of crystallinity while the sequence of our S-E curves for samples PP100 and PP120 do not follow the supposition. For each studied sample a tendency of lowering of the S-values is seen for higher energies of the incident positrons. In the case of the sample PP120 the lowering of S-value begins at the pronounced threshold energy ≈ 10 keV that corresponds to the average positron implantation depth of ≈ 2 µ m i n t h e s a m p l e .
The program VEPFIT [44] was used to fit the experimental results. The samples were modelled as consisting of two layers of different S-values that were fitted together with positron diffusion length in the layers and the layer boundaries. Only in the case of the sample PP120 the variance of the fit was satisfactory: The thickness of the upper layer was fitted as equal to (1.7±2.3) µm. Other parameters (except S-values) were fitted with high errors. The fitted values of the thickness of the upper layer in the case of samples PPO and PP100 exceeded 10 µm (a little smaller value was obtained for PP100). The idea of differentiation of the most outside parts of the film from its center, originated from the observed decrease in S-values at higher values of the energy of the implanted positrons as well as from the results of ATR measurements, suggesting the possibility of the oxidation of the subsurface region of the samples. It is worthy taking into account a model of crystallization from the melt mentioned in [1] , p. 603. It is predicted that when a homogeneous polymer melt (placed for instance between two metal plates as in our case) is suddenly brought in contact with a cooler bath, the spatial size distribution of spherulites occurs ("the larger the distance from the metal, the lower the speed of cooling, the larger size of the spherulitic grains"). Therefore one may expect that in the case of our samples the sub-surface region of them is quite different from the center of the samples as far as the degree of crystallinity and the fractional content of the amorphous phase (both the intra-and interspherulitic) is considered. The question is how to study such changes. What is more, defects known to occur in crystalline regions and both at lammellae and the spherulite surface, give contributions to the S-values that may result in their increase despite the reduction of the fractional free volume following the rise in crystallinity.
The best fitting (lowest chi-square) of the lifetime spectra was achieved using 4 lifetime components with absolutely no constraints. The fitted lifetimes (intensities) are about 0.38 ns (75%), 1.8 ns (18%), 3.7 ns (6%), and 80 ns (1%). The shortest lifetime component is almost certainly a convolution of two short components, one near 125 ps and another close to 400 ps that account for parapositronium and positrons annihilating in the films. The long component is unique to beam-PALS studies and is due to backscattered positrons forming positronium in the vacuum region between the sample and the channel plate (see [22] ). Unfortunately, it is known that such backscattering also produces an intermediate lifetime component that is crudely approximated by a 7--8 ns exponential. Thus the fitted 3.7 ns component with only 6% intensity is certainly affected by such events. Such uncon-strained, 4-component fitting produced the lowest chi-square values and showed no trend with film crystallinity. However, bulk studies of polypropylene at room temperature [16] show two distinct long lifetimes of about 1.3 ns and 2.7 ns, each with roughly 10% intensity. An unconstrained fitting with 5 lifetime components did not converge on meaningful values, however we did get consistent results when we constrained the longest lifetimes to 80 ns and 7.5 ns, and fixed a lifetime at 1.3 ns (τ2 ). The fitted intermediate lifetime (τ 3 ) is then found to be 2.4-2.8 ns in good agreement with bulk results. The detailed results at both energies are given in Table III. TABLE III Intermediate components in the lifetime spectra.
The evident trend is for the longer component intensity (13 ) to decrease with crystallinity while the reverse is true for the shorter, fixed lifetime component (I2). Bulk studies claim [16] that the longer component is related to positronium decay in the amorphous regions and our observed trend is consistent with that interpretation. Bulk studies have not pinned down the interpretation of the 1.3 ns component, but our results suggest that it is related to positronium decay in the crystalline polymer regions. More quantitatively, we find that the long component intensity decreases by 17±3% and 15±5 for the 4 keV and 2.2 keV data respectively when the contribution of the amorphous phase decreases by 20%. The 1.3 ns component intensity is much more variable, but trends upwards with crystallinity.
One can see also the changes of the positron lifetime parameters given in Table III with the energy of the implanted positrons. The more deeply they penetrate the film, the less is the value of τ3 and I2 while I3 increases for each sample. The variations may be a reflection of changes in morphology of samples along the distance from the surface mentioned above. Though these lifetime studies only probed the top 1µm of the sample, it would be interesting in future beam-PALS work to use much higher (30 keV) beam implantation energies. Changes in τ3 and 13 with the energy of positrons have already been observed (in [29] and [22] correspondingly) while the τ2-component and the changes of I 2 and 13 with crystallinity are to our knowledge reported for the first time in the case of studies of polymers with the slow positron beam.
